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ABSTRACT 
This report describes the failure analysis and subsequent 
redesign of a manually operated crimp tool. The tool is used 
to create a mechanical and electrical bond between wires and 
connectors. This swaging is accCJ11plished by the action of four 
identical inverse cam mechanisms which pennanently deform both 
wire(s) and connectors. The existing tool has experienced pre-
mature fatigue and bearing failures attributable to improper 
• 
spring design, improper kinematics, and innappropriate material 
selection. 
A kinematic analysis of the device is perfonned together 
i~ith a force/torque analysis assuming quasi-static equilibrium. 
Evaluation of kinematic coefficients predicts the sensitivity 
of the device to manufacturing variations. 
The return compression spring is redesigned, using the 
Modified Goodman method, to reduce its stress level, thereby 
increasing its service life. This is done first since the 
spring's length imposes certain restrictions on other kinematic 
variables. Kinematic redesign is done to improve force trans-
mission and to eliminate undesirable cusp contact between 
mating cam surfaces. 
Three alternate designs, each satisfying the kinematic 
design criteria, ·are compared to the original design on the 
basis of crimp force and tolerance sensitivity. The best 
' 
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alten,ate design transmits between 8.71 and 21.21 more force 
than the existing design. It 1s also less sensitive to manu-
facturing variations. 
Due to large canpress1ve contact stresses between the cam 
I . 
and follower, it is necessary to specify a heat treatable steel 
alloy as a replacement for the aluminum cam. This is done 
since it is not feasible to increase the follower diameter or 
length of contact. 
-2-
. --~···., 
( . 
• ,,1· 
' ' 
DEFINITION OF TERMS 
Cam Handle - The canponent whose cam surface contacts the head radius 
of the indenter. Its rotation about the coordinate center causes 
the indenter to travel along a radial path. 
Coordinate Center - The point about which the cam handle rotates and 
toward which the indenters travel when the tool is closed. 
Indenter - The canponent which is driven toward the coordinate center 
as the tool closes. Its head makes cam contact with the cam 
handle. Its tip perfonns the crimping. 
Indenter Body - The canponent, rigidly attached to the top handle, 
which houses the return spring and provides path guidance for 
the ; ndenter. 
• 
Handle Cusp - The intersection of the cam handle cam surface and the 
indenter body support surfaces. 
• 
Crimp Diameter - Diameter of the circle which passes through the tip of 
each indenter. A major product requirement is that in the fully 
. 
I 
open position it be a minimum of .365 inches and in the fully 
closed position it be a maximum of .060 inche·s·~ 
Pressure Angle - The acute angle between the indenter path and the 
normal to the corm1on tangent to the handle cam surface and the 
radius on the indenter head. 
-3-
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(Def1n1t1on of Tet111S - cont.) 
Top Handle - The handle which 1s rigidly attached to the indenter 
body. 
-
• 
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DEFINITION OF POSITION VECTORS* 
R1 - Distance from the coordinate center (CC) to the handle cam sur-
face center of curvature. See Ff g. 2. 
R2 - Handle cam surface radius of curvature. See Fig. 2. 
R3 - Indenter head radius of curvature. See Fig, 2. 
R4 - Perpendicular distance from the indenter head center of cur-
vatures to the indenter path. See Fig. 2. 
R5 - Distance from CC, measured along the indenter path, to the 
tail of R4• See Fig. 2. 
R6 - Distance from the handle cam surface center of curvature to 
the tip of R4• It is equal to R2-R3• See Fig. 2. 
R7 - Distance from CC to the cam contact point. See Fig. 2. 
R8 - Distance from CC to the handle cusp. See Fig. 2. 
R9 - Distance from CC to the contact point between the indenter 
stem and the indenter body. See Fig. 4. 
R10 - Distance fran CC to the contact point between the indenter 
head and the indenter body. See Fig. 4. 
* 
. 
• 
\ 
Throughout this report, wherever a vector has a bar over its 
top, _it is to be interpreted as a vector. Otherwise, it is to 
be interpreted as a scalar. For example, R1 is the magnitude 
of R1• 
.. 
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DEFINITION OF FORCES 
- Force that is applied to the cam handle. See Fig. 3. 
- The useful force that is transmitted to the indenter by 
the cam handle. It acts nonnal to the c0t1111on tangent to 
the handle cam surface and the radius on the indenter 
head. See Fig. 3. 
- The frictional force associated with the nonnal force, 
- -F1,F2 - The nonnal contact forces between the indenter and the 
indenter body. See Fig. 4. 
11,T2 - The frictional forces associated with F1 and F2 respec-
t i v e 1 y. See Fi g • 4. 
- -Fx,Fy - The horizontal and vertical (respectively) reaction forces 
exerted by the indenter body on the cam handle. See 
Fig. 3. 
-Fr - The force exerted by the spring on the indenter and the 
L 
indenter body. See Fig. 4. 
- The crimp force. It is the net force transmitted to the 
indenter tip. See Fig. 4. 
-6-
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SYM50LS USED 
FOR SPRING DESIGN 
a,b - Tensile strength regression coefficients 
d - Wire diameter 
D - Mean spring diameter 
G - Torsional modulus of rigidity 
h - Spring rate 
L1 - Spring length at the most extended operating point 
L2 - Spring length at the nost compressed operating point 
Lf - Free length of the spring 
Ls - Solid height of the spring 
N - Number of active coils 
P1 - Spring load at L1 
P2 - Spring load at L2 
s1 - Wahl corrected shear stress at L1 
s2 - Wahl corrected shear stress at L2 
S5 - Wahl corrected shear stress at Ls 
T5 - Tensile strength of the material 
W - Wahl factor which co·rrects stresses for curvature 
v5 - Yield strength of the material 
-7-
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J INTRODUCTION 
A. Scope 
The scope of this project 1 s threefold: 
1. Analysis of those problems associated with the kinematic 
deficiencies of the C24 tool. 
2. Canpilation of predicted perfonnance data obtained by 
varying critical kinematic variables. 
3. Selection of a best altemative design; i.e., one 
which addresses the greatest nl.lllber of deficiencies. 
B •. Description of Operation 
The C24 crimp tool is a two handled pliers type tool used to affix. 
an electrical connector to either braided or solid wire when the two 
handles are squeezed together. Plastic defonnation of the connector 
and the wire is achieved by the action of four identical inverse cam 
mechanisms, which force indenters radially inward as the handles are 
rotated toward each other. 
Kinematics - See Fig. 1 
.. 
Each of four hardened stee 1 i ndenters ( 1) , which makes cam con-
tact with an aluminum handle (_4}, at a cam surface (3), is constrained 
to slide in an indenter body (2),-which is rigidly attached to the 
other handle (not shCMn for drawing clarity). The cam surfaces of 
• 
-8-
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the handle and indenter are circular arcs, with rad11 and centers as 
designated design parameters. Counterclockwise rotation of the aluminum 
handle about the indenter body causes each indenter to move radiallf 
toward the center of the indenter bo<t)t. A compression spring (5) 
stores the energy necessary to retun1 the mechanism to the open posi-
tion. 
Force Transmission - See Figs. 3 and 4 
Due to the lever-like action of the handle, the applied force, 
rAP' causes a force, tN, to be transmitted to the indenter. tN is 
-directed along R2 and is nonnal to the cam surfaces of the handle 
and the indenter. Frictional losses occur not only between the 
handle and the indenter, but also between the indenter body and the 
-indenter. RY is the net force available for crimping. 
C. Project Evolution 
Before proceeding further, it is necessary to list the four 
relevant perfonnance specifications. 
1. Minimum crimp diameter in the fully open position of .365 
• inches 
2. Maximum crimp diameter in the fully closed position o_f .060 
inches 
3. MinimlJTI fatigue life for all components of 250,000 cycles 
when tested between the fully open and fully closed positions. 
The applied torsional loading shall be 500 in.-lb as shown 
in Fig. 3. 
4. Cam handle rotation shall be (40+1/2°). 
-
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In the several years that the C24 crimp tool has been coe11ncrc11lly 
available, six problem areas have been identified: 
1. Although the nominal crimp diameter 1n the fully open posi-
tion fs .367 inches, toleranc1ng of both cam handle and 
indenter characteristics allows this dimension to vary as 
much as .017 inches below the specification of .365 inches. 
2. Due to large compressive stresses between the indenter and 
the cam handle, pennanent defonnation of the handle cam sur-
face occurs. This is due principally because the allJTiinll11 1 S 
compressive yield strength is relatively low (32KS1). 
3. A cusp exists on the handle cam surface. If tool operation 
causes contact between the indenter and the cusp, locally 
high stresses, undesirable defonnations, and loss of proper 
cam contact result. 
4. Nominally, 40° of cam handle rotation is provided. However, 
indenter contact with the handle cusp is initiated after a 
rotation of 30°. This cusp contact is maintained for an 
additional 4°, after which the indenter contacts the indenter 
body support surface. This surface can neither transmit force 
nor impart motion to the indenter. Once this contact has 
occurred, the springs can no longer returTl the mechanism to 
the open position. 
5. In the fully closed position, the return spring is compressed 
to its solid height. This induces high shear stresses in the 
spring. Due to these shear stresses, low cycle fatigue frac-
tures of tne spring occur. 
-10-· 
6. A max1mun input nonent of SOO 1n-1b caused by ~AP about CC 
has been specified. Certain connector-wire cOIN>1nat1ons are 
not being crimped adequately at this value. It has been 
demonstrated that an input moment of approximately 550 in-lb 
will produce sufficient crimp force foranticipatedservice. 
With the above deficiencies in mind, the following project design 
goals have been established for the redesign. 
1. M1nimllT1 crimp diameter of .365 inches in the fully open posi-
tion, including a 1° allowance for orientation loss of the 
handle cam surface with respect to the handle. 
2. MaximllTI compressive contact stress between the handle and the 
indenter less than the yield strength of the weaker material. 
3. Elimination of contact between the indenter and the cusp. 
4. Elimination of contact between the indenter and the indenter 
body support surface. 
5. MinimllTI retun1 spring fatigue life of 250,000 cycles. 
6. Output crimp forces approximately 10% greater than those of 
the existing tool. 
D. Description of Method of Analysis 
A polar coordinate system, centered at the center·of the indenter 
body, was established so that the vertical axis was the indenter path. 
App·ropri ate vectors were drawn to enab 1 e vector loops to be defined. 
The following procedure was employed over the operating range of 
the ·mechanism in one degree increments. 
~ 
-11-
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Using the Newton-Raphson technique. a position solution was 
derived for all relevant kinematic variables. The solution,was 
examined for cusp contact using the condition R1 + ~2 a R8 as the 
defining criterion. If cusp contact was found, the vector loop was 
10 3 108 105 104 R e R e + R e + R e = O 3 - 8 5 4 
The input to this loop is a8, which differs from e1 by a con-
stant • If no cusp contact was fol.1'1d, the vector loop was 
• 
101 ia 194 10 
+ R e 6 - R4e Re S = 0 R1e -6 5 
The next step was to find the kinematic coefficients h6 and f5 
by differentiating the vector loop with respect to its input, either 
e1 or e8• 
Forces acting on the cam handle were found by setting the sum of 
the Jl'K)ments about the coordinate center to zero. Several assumptions 
were made. 
* 
1. The system is quasi-static. This is reasonable since the 
angular velocity and angular acceleration of the handle are 
small. 
2. The four nonnal forces, rN' are equal in magnitude and sym-
metrically distributed about the coordinate center. j 
3. The four frictional forces, 15 , are equal in magnitude and 
synmetrically distributed about the coordinate center. 
4. The coefficient of fricti~n, µ*,is a constant for all sur-
faces. 
The value ofµ was experimentally detennined to be approximately 0.1 
-12-
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6. Frictional losses between the indenter body and the handle 
are negligible. This simplifies the calculation of ~N by 
assuring that the reaction force between the cam handle and 
the indenter body passes through the coordinate center. 
Assl.lllptfons 2, 3 and 5 are necessary to assure a statically detenninate 
solution. Although small errors are introduced by making the above 
six assl.D11ptions, the accuracy of the results is acceptable from an 
engineering standpoint. 
- -Once FN and fs were known, the forces acting on the indenter 
(F1, F2, f1, f2, RY, fk) were detennined by invoking the conditions 
for static equilibrit.an. 
l • EF = 0 X 
2. rF = 0 y 
3. rM = a 
0 
The following assLJ11ptions were made: 
1. The system is quasi-static. 
2. The coefficient of friction,µ, is a constant for all 
surfaces. 
Assuming linear elastic behavior of the handle and indenter, the 
compressive contact stress at their point of contact was calculated 
using the Hertz Stress Equation [1]*: 
Numbers in square brackets denote references 
• 
-13-
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a • C 
+ 
FN • Nonnal force between the handle and the indenter 
R1 = Radius of curvature of the indenter cam surface 
RH= Radius of curvature of the handle cam surface 
• 
L .. Length of contact L = 2/[F-(R3cose6-R4J2 (D fs the 
indenter head radius. See Fig. 4) 
v1,vH = Poisson's ratio of the indenter and handle respectively. 
(.29 for steel; .33 for aluminllTI [3]) 
E1,EH = Modulus of elasticity of the indenter and the handle 
respectively (30xl06 psi for steel; 10xlo6 psi for 
aluminum [3]). 
Perfonnance data of alternative designs were obtained by employing 
a computer program which follows the procedure just outlined. The 
values of R1, R2, R3, R4 were varied until three designs, worthy of 
further evaluation, were found. 
' I 
'I 
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RESULTS 
Three designs, each of which has the required kinematic proper-
ties, were compared to the current design. A sumnary is shown in 
Table 1. 
Rl R2 R3 R4 f5 Crimp Force 
(in) (in) (1n) ( 1 n) min at crimp 
max di a of .0601n 
{ 1 nLdeg} {lb) 
Current design .456 1.095 .250 .062 -.0065 410 
-.0005 
-.0054 
- .0029 403 Data set 1 .343 1.437 .187 .033 
Data set 2 1. 375 .015 - .0056 
-.0026 • 375 .250 442 
-.0059 
-.0025 Data set 3 .406 1.218 .250 .000 497 
Table 1: SUJT111ary of Results 
Refer to Tables 3-6 for canplete perfonnance data of each design. 
If the three designs are compared, at equal crimp diameters to 
the current design, several observations can be made. 
1. Each of the new designs can be constructed to eliminate 
cusp contact. 
2. The pressure angles of each new design are less than those 
of the current design. 
3. In general, each of the new designs will transmit more force 
to the indenter tip than the cur~nt design. See Fig. 6 
and Table 2 • 
. , ... 
.. 
4. The kinematic coefficient, f 5, of each new design is less 
than that of the current design. 
-15-. , 
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\ 
5. The canpress1ve contact stress between the handle and the 
indenter 1s in excess of al11111nt111 1s yield strength for all 
des1 gns • 
• 
-16-
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Crimp Dia 
(In) 
.365 
.250 
I • 125 
' '__, 
\ . 
"" I 
. I 
/ 
, I 
.060 
.... 
Crimp Force 
of Current 
Design 
(LB) 
242 
279 
349 
410 
Date ·set l 
Crimp %Increase 
Force over Current 
(LB) Desi g n ._ 
268 
295 
351 
403 
... 10.7 
5.7 
.6 
-1.7 
Data 
Crimp 
Force 
(LB) 
262 
297 
368 
442 
Set 2 
%Increase 
over Current 
Design 
/ 
8.3 
6.5 
4.8 
9.7 
Table 2: Crimp Force Comparison of Various Designs 
Data 
Crimp 
Force 
(LB) 
263 
307 
398 
497 
/ 
Set 3 
%Increase 
over Current 
Design 
8.7 
10.0 
14.0 
21.2 
/ 
• 
DISCUSSION OF RESULTS 
SJzing R8, although not difficult, is nevertheless important 
fn achieving a satisfactory tool. Its value is the radius of the 
indenter body support surface. It is this surface that intersects 
the handle cam surface to fonn the handle cusp. If Ra is too small, 
there will be insufficient space for the proposed spring to function 
properly. If, on the other hand, Ra is too large, the cusp will be 
fanned at a point that makes contact with the indenter. See Fig. 2. 
The following values of Ra pennit proper spring functioning 
and provide a minimum allowance of 10° of cam handle travel beyond 
the fully closed position, thereby eliminating cusp contact. 
Data 
Set 
1 
2 
3 
Ra 
.Ll& 
1 • 115 
1.022 
.834 
One manner of achieving greater force transmission to the inden-
ter tip is to reduce the pressure angle between the indenter and the 
handle cam surface. The reason for this is that the vertical (useful) 
-component o·f FN is increased as the pressure angle is decreased. It 
is therefore desirable that the pressure angle be as small as practi-
. 
j 
cable. It has been suggested, [l], that it be no larger than 30°. 
Caution must be exercised, since very small pressure angles produce 
very little indenter motion. 
A second manner of achieving greater force transmission is to 
reduce the perpendicular distance between CC and the line of action 
of FN (see Fig. 3). The effect of this is to increase FN' since 
-.18-
.•. 
.. 
·1 
-the moment of FN about cc must remain the same. The case in which the 
. ' ~ ' -line of action of FN passes through CC corresponds to the case of 
a 90° pressure angle. At this point there 1s no indenter motion. 
The kinematic coefficient f 5 can b~nterpreted as 1/2 the crimp 
diameter's sensitivity to variations in the handle cam surface orien-
tation on the handle. A large value (absolute) of f 5 means that rela-
tively small variations in this orientation result in relatively large 
variations in crimp diameter. This is undesirable and therefore 
smaller values of f 5 are to be preferred. 
Since the compressive stresses between the handle and the inden-
ter have been calculated to be significantly in excess of aluminum's 
yield strength, the assumption of linear elastic behavior is obviously 
in error. However, if the handle were made from an appropriately heat 
treated high strength steel alloy, the assumption would be valid. 
-19-
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,) CONCLUSIONS AND REC<»t1ENOATI0NS 
Although each of the new designs meets the kinematic requirements 
and utilizes the proposed spring, the third design transmits the 
greatest force. 
It is proposed, therefore, that the current design be replaced 
by the third new design. This proposed design meets all the project 
goals subject to the foll<Ming conditions. 
1. The cam handle material be changed to AISI 4340 and heat 
treated to a minimum yield strength of 200 KSI. 
2. The existing spring be replaced by the proposed spring. 
-20-
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APPENDIX A 
DESCRIPTION OF ITERATIVE SCHEME (2,4] 
ie 1 106 104 10 5 The vector loop R1e +R6e -R4e -R5e =O can be decomposed 
into two scalar equations (see Fig. 2): 
R1cosa 1 + R6cose6 - R4cose4 - R5cosa5 = O 
R1sina1 + R6sine6 - R4sine4 - R5sine5 = 0 
1) 
The mechanism parameters relevant to the iteration are R1, R6, R4, 
R5, e1, e6, e4, e5• Since the indenter is constrained to slide in 
a direction aligned with ~5, and ~4 is perpendicular to R5, it- iS 
clear that 04=180° and 05=90°. If 01 is the input, the only unkn<Mn 
angle is 06. 
AsslJTling contact between circular surfaces, the part geometry 
',• 
establishes fixed values for R1, R2, R3, R4, R6• The only remaining 
mechanism variable is R5• 
Since there are two equations and two unknowns, a position solu-
tion can be foun.d for all possible mechanism configurations. The 
Newton-Raphson technique will be used. 
First, assume initial values for Rs and 06• Call these .. values 
*. * 
Rs and e6 , 
* Let El - R1cose1 + R6cos e6 + R4 -
* * E2 = R1sin01 + R6sine6 -.RS 
llEl = -El 2) 
llE2 = -E2 
• 
6El and llE2 are error tenns, whose absolute values we would like to 
approach zero. 
-22 ... 
• 
From calculus we know 
= (aE2) + (aE2) t.E2 aR * 6R5 ae * 696 5 6 
From equations 2) 
aEl = O 
aR * 5 
aE2 _ l 
~ * - -5 
· aEl = -R sine* 
• ae6* 6 6 
· aE2 = R cos e * 
' ae6* 6 6 
3) 
The correction tenns, ~Rs and ~06, can be calculated from equations 3}. 
Thus illl)roved estimates of Rs and 06 are obtained by adding the cor-
rection tenns to the previous values so that 
Using the improved estimates of R5 and 06 in equations 2), the 
process can be repeated until both ~R5 and ~06 are arbitrarily small, 
thus allowing ~El and ~E2 to approach zero. 
-23 .. 
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APPENDIX B 
KINEMATIC COEFFICIENTS [2] 
If the position solution equations are differentiated with 
respect to the input, the result is: 
de 
-R1sine1 - ~sine6(cJ!.) = O l 
de6 d\ R 1 cos e 1 + R 6 cos a 6 ( de ) - de = O 1 1 
Kinematic coefficients h6 and f 5 are defined as 
• • 
h - de 6 - e 6 • f = d Rs = Rs 
6 .,, de 1 - e 1 ' 5 de 1 e 1 
In this case 
R1 sine 1 h =------6 ~ sine6 
• • 
,I 
Therefore, the unknown mechanism velocities e6 and R5 are seen to 
be 
If the position solution equations are differentiated a second time 
with respect to the input, the result is 
r •••.. ~ ...... ' 
d2a de 2 
-R1cose1 - ~[sina6( ~) + (de6) cose6] = O de1 1 
d2e 
-R1sine1 + ~[cosa6( ~) -
d81 
I 
I 
I 
' 
-24-
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I I ed Kinematic coefficients h6 and f5 are def1n as 
h I 
6 
In this case 
h I 
6 = -
(R1cose1+R6h62cose6) 
R6sine6 
Mechanism accelerati·ons can be calculated in the following manner 
R • • I • dR5 • de 1 • 2 
= d ( 5) fs - [el dii:'" - Rs de ]/el ere, e, 1 l 
~ dR5 
•• • • 
• • 
dt R5 de1 de 1 cit e, 5 -
-
• - -
- -
-ds1 dt de 1 ~1 
, de 1 dt de 1 a, 
•• 
e 
I •• 1 • 2 
fs = [Rs - ~s ~1]10, 
•• 
e 
·R =f '8 2 +R 1 5 5 l 5 ~ 1 
•• I • 2 •• 
Rs = f 5 e 1 + f 5 e 1 -
' 
Similarly 
·Several observations can be made from the preceding analysis: 
1. Kinematic coefficients are functions of position alone. A 
consequence of this is that, regardless of the state of 
motion of the input link, the values of the kinematic coeffi- ~ 
cients, for a given position, are invariant. 
-25-
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2. The unknown motion variables (R5, R5, 06, 06) are func-
.. 
tions of kinematic coefficients are input variables (ij1, 81). 
A consequence of this is that, providing the kinematic 
coefficients are known, the motion variables can be deter-
mined for~ cont>ination of inputs (displacement, velocity, 
acceleration). 
.. 
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APPENDIX C 
DETERMINATION OF HANDLE REACTION FORCES 
(See Figs. 1,2,3) 
Once the position solution is known, the cam handle reaction 
-forces can be found by sunming manents about CC. Fn is the force 
acting between the indenter and the handle. It acts in the direction 
shown along a line perpendicular to the tangent between them. The 
-friction force, fs, acts in the direction shown, so as to oppose the 
-
motion caused by the applied force, FAP" ~Y is the vector from 11011 
- -to the point of contact. It is necessary to decompose FN, f 5 , and 
-R7 into their x and y components. µ is the coefficient of friction. 
- A A 
F=F i+F j N n,x n,y 
- A A 
R7 = R i + R7 j y,x ,y 
f = -µF COSS s,y n 6 
R?,x = R1cose1 + R2cose6 
R7,Y = R1sine1 + R2sine6 
• 
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The moment caused by ~AP is in the +k direction and equal to 
F AP L .. -._.--- . -
IRtfnl = Fnr1sin(e6 - .e 1) 
RY x f5 = k(R7 f - R7 f ) . ,x x,y ,y s,x 
A 
Sunming the moments in the k direction 4Fnr1sin(e6 - e1) 
-4µFN[r1cos(e6 - e1) + r2] + FAPL = 0. 
Therefore 
-28--
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APPENDIX D 
DETERMINATI~ OF INIENTER FORCES 
(See Fig. 4) 
/. 
Since indenter motion is in the negative y direction, the fric-
tional forces 11 and 12 ntJst act in the positive y direction as shown. 
Setting the s1J11 of the noments of the forces about 11011 equal to zero, 
Previously it was shown that 
- - - - F APL ,.._ 
R7xFN + R7xf s = 4 K 
It is easily shown that 
A A 
R9xF2 + R9xf2 = (F2h + f 2d)k = F2(h + µd}k 
and 
~ A 
R10xF1 + ~10x11 = -(F1H + f 1D)k = -F1(H + µD}k 
Therefore 
FAPL 
(H + iiD)F1 - (h + iid)F2 = 4 ( 1) 
Setting the sum of forces in the x andy directions equal to zero, 
(2) 
( 3) 
Combining the above in matrix form 
-29-
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• 
(H + µD) 
1 
F = 2 
-(h+1Jd) 
-1 
0 
0 
1 
Fl FAPL 4 
F2 :I FNCOS86 + f5sine6 
Fnsine6 - f5cose6 
It is worth noting that in the limiting case in whichµ= 0, 
the maximum transmitted force is FNsine6• It would seem, there-
fore, that smaller rather than larger pressure angles are to be 
preferred. A consequence of this is that undesirable side loads 
are reduced. 
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APPENDIX E 
SPRING DESIGN [6,7] 
Experience with the current spring design has shown that a return 
force of 12 lb at L2 and a return force of 4.5 lb at L1 are adequate 
to the mechanism requirements. The necessary design criteria .are: 
• 
2. S < vs s 
The following relationships, found in Ref. [1], are those necessary to 
establish the design. 
_ (P2 - P1) k------(L2 - L1J 
S _ BPWD 
- nd3 
L5 = (N + 2)d 
pl 
Lf = k + Ll 
YS = .65 TS 
TS= btnd + a 
-31-
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\ 
• 
The current spring design fs as follows: 
Material A-228 Mus 1 c W1 re 
Lf .458 1n 
D .246 in 
d .035 in 
N 3 a ct 1 ve co 11 s 
Ls . 174 1 n 
Using the regression coefficients (a=157400, b=-50200) found in Ref. 
[2], the above relationships and the current design values {L2 = .194 
in, L1 = .347 in), ft is found that 
TS = 325 KSI 
YS = 212 KSI 
k = 48.3 lb/in 
W = 1. 21 
pl = 5.36 
P 2 = 12. 75 
s1 = 96 KSI 
s2 = 229 KSI 
Ss = 247 KSI 
The maximum allowable torsional stress under static conditions is 45% 
of the material's tensile strength, or 146 KSI [l]. At the most.can-
• 
pressed operating point, the torsional stress is 57% above the allow-
able value. 
In order to improve the fatigue characteristics, the following 
design is proposed: ~ 
-32-
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Material 
Lf 
D 
d 
N 
A-228 Mus 1 c W1 re 
.675 1n 
.230 in 
.040 in 
6.9 active coils 
• 357 1 n 
This design has the following characteristics: 
TS = 325 KSI 
VS = 212 KSI 
k = 43.6 lb/in 
a = 1.24 
P1 = 4. 7 lb 
p2 = 12 lb 
s1 = 58 KSI 
S = 139 KSI 2 
Ss = 160 KSI 
Estimation of the fatigue life is done as shown in Fig. 5 using the 
modified Goocinan method: 
1. The S-N curve is drawn by locating points A and Busing 
data found in Ref. [1]: A fatigue life of 107 cycle~ 
corresponds to a maximum stress of 97.5 KSI and a fatigue 
life of 106 cycles.corresponds to a maximum stress of 
107. 25 KSI. 
2. Point C is located on the Goodman line at a stress of 218 
KSI. Th.is corresponds to .67 Ts.-
-33-
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3. Point D, corresponding to s1 and s2• is located next and 
the line C-0 is extended to point E. 
4. Finally, a horizontal line through Eis drawn, intersecting 
the S-N curve at F. The nunber of cycles to failures, cor-
responding to Fis thus seen to be approximately 4.5xl05• 
-34-
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} APPENDIX F 
CUSP CONTACT 
Contact between the indenter and the handle cusp (see Fig. 2) is 
undesirable because of the high local stresses that are induced. 
The geometric condition which defines cusp contact is R7 = R8• 
The following procedure allows the point at which cusp contact is 
initiated to be detennined. 
We define R2 = R6 + R3. Since R3 and R6 are necessarily co-
linear, e2 = e3 = e6• Two vector loops are needed 
ia1 · ;e6 ie4 ie5 R1e + R6e - R4e - R5e = O 
ia 1 ie2 ie 7 R1e + R2e - Rf = 0 
The four scalar equations are 
R1cose1 + R6COS86 - R4COS84 - R5COS85 = 0 
R1sfne1 + R6sin06 - R4sin04 - R5sin05 = O 
~ . 
R1sin0 1 + R2sin02 - R7sin0 7 = 0 
Remembering that 04=180°, 05=90°, and making the substitutions 02=06, 
R7•R8, the equations are 
.,. 
.• 
R1cose1 + ~cosa6 - R8cosa7 = o 
-35-
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The known parameters areR 1, R2, R4, R6• The unknown parameters are 
e1, e6• e7, Rs· For naninal values of the existing tool, the 
Newton-Raphson method yields the following results: 
R5 = .4711 in 
a1 = 227.001° 
06 = 73.195° 
e 7 = 89. 171 ° 
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F'IG 1 : 5CHEMAT\C DIAGRAM 
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FIG 3 : VECTOR FORCE DEFI N lTIONS 
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FIG 5: DETERMINATION OF SPRING FATIGUE LIFE 
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THETA 1 
( DEG) 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
THETA 6 
(DEG) 
63.72 
63.91 
64 .10 
64. 30 
64.51 
· 64. 7 2 
64.95 
65.19 
65.44 
65.69 
65.95 
66.23 
66.51 
66.80 
67.10 
67.40 
67.72 
68.04 
68.37 
68.70 
69.05 
69.40 
69.76 
70 .12 
70.49 
70.87 
71.26 
71.65 
72.05 
72.45 
72.86 
RS CRIMP 
(IN) DIA 
(IN) 
.6244 .3667 
.6180 .3539 
.6116 .3413 
.6054 .3288 
.5993 .3166 
.5933 . 3046 
.5874 .2927 
.5815 .2811 
.5758 .2696 
.5702 .2584 
.5647 .2473 
.5592 .2365 
.5539 .2258 
.5487 .2153 
.5435 .2050 
.5385 .1950 
.5335 .1851 
.5287 .1754 
.5239 .1659 
.5193 .1565 
.5147 .1474 
.5102 .1384 
.5058 .1297 
.5015 .1211 
.4973 .1127 
.4932 .1045 
.4892 .0964 
.4853 .0885 
.4814 .0808 
.4777 .0733 
.4740 .0660 
CRIMP 
FORCE 
(LBF) 
242 
245 
249 
252 
256 
260 
264 
268 
272 
276 
280 
285 
290 
295 
300 
305 
310 
316 
321 
327 
333 
339 
345 
352 
358 
365 
372 
380 
387 
395 
402 
CONTACT FS 
STRESS (IN/DEG) 
(PSI) 
93055 -.0065 
93550 -.0064 
94052 -.0063 
94562 -.0062 
95079 -.0061 
95603 -.0060 
96136 -.0059 
96678 -.0058 
97228 -.0057 
97787 -.0056 
98355 -.0055 
98933 -.0054 
99522 -.0053 
100121 -.0052 
100731 -.0051 
101352 -.0050 
101986 -.0049 
102632 -.0048 
103291 -.0047 
103963 -.0046 
104650 -.0045 
-105352 -.0044 
106069 -.0043 
106802 --0042 
107553 -.0042 
108320 -.0041 
109106 -.0040 
109912 -.0039 
110737' -.0038 
111583 -.0037 
112451 -.0036 
***CUSP CONTACT*** 
THETA 1 THETA 3 
(DEG) (DEG) 
228 
229 
230 
231 
73.78 
76.72 
84.25 
89.94 
RS CRIMP 
(IN) DIA 
(IN) 
.4704 
.4672 
.5859 
. 5849 
.0588 
.0523 
.0459 
.0438 
CRIMP 
FORCE 
(LBF) 
411 
424 
453 
468 
***NO FURTHER TRAVEL*** 
TABLE 3: ANALYSIS OF CURRENT DESIGN 
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FS 
(IN/DEG) 
-.0035 
-.0030 
-.0015 
-.0005 
., 
. .. 
-~ 
. ' 
THETA 1 
(DEG) 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
THETA 6 
(DEG) 
79.16 
79.25 
79.34 
79.43 
79.53 
79.63 
79.74 
79.85 
79.96 
80.08 
80.21 
80.34 
80.47 
80.61 
80.75 
80.89 
81.04 
81.19 
81.35 
81.51 
81.68 
81.85 
82.02 
82.19 
82.37 
82.56 
82.75 
82.94 
83.13 
83.33 
83.53 
83.73 
83.94 
84.15 
84.36 
84.58 
84.79 
85.02 
85.24 
85.47 
85.70 
RS CRIMP 
(IN) DIA 
(IN) 
1.1274 .3840 
1.1221 .3733 
1.1167 .3626 
1.1115 .3521 
1.1063 .3417 
1.1011 .3313 
1.0960 .3211 
1.0909 .3110 
1.0859 .3010 
1.0810 .2911 
1.0761 .2813 
1.0712 .2716 
1.0665 .2621 
1.0617 .2526 
1.0571 .2433 
1.0525 .2341 
1.0479 .2250 
1.0435 .2161 
1. 0391 .2072 
1.0347 .1985 
1.0304 .1900 
1.0262 .1815 
1.0220 .1732 
1.0179 .1650 
1.0139 .1570 
1.0100 .1491 
1.0061 .1413 
1.0022 .1336 
0.9985 .1261 
0.9948 .1187 
0.9912 .1115 
0.9876 .1044 
0.9841 .0974 
0.9807 .0906 
0.9774 .0839 
0.9741 .0774 
0.9709 .0710 
0.9678 .0647 
0.9647 .0586 
0.9617 .0526 
0.9588 .0468 
CRIMP 
FORCE 
( LBF) 
264 
266 
268 
270 
272 
274 
276 
278 
281 
283 
286 
288 
291 
294 
297 
300 
303 
306 
310 
313 
317 
320 
3i4 
328 
332 
336 
341 
345 
350 
354 
359 
364 
369 
• 375 
380 
386 
392 
398 
404 
411 
418 
TABLE 4: ANALYSIS OF DATA SET 1 
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CONTACT FS 
STRESS (IN/DEG) 
(PSI) 
156671 -.0054 
157294 -.0053 
157938 -.0053 
158603 -.0052 
159289 -.0052 
159997 -.0051 
160727 -.0051 
. 1614 79 -.0050 
162254 -.0050 
163051 -.0049 
163872 -.0049 
164717 -.0048 
165585 -.0047 
166479 -.0047 
167397 -.0046 
168341 -.0046 
169312 -.0045 
170309 -.0044 
171333 -.0044 
172385 -.0043 
173466 -.0043 
174577 -.0042 
175717 -.0041 
176888 -.0041 
178091 -.0040 
179327 -.0039 
180595 -.0039 
181899 -.0038 
183237 -.0037 
184612 -.0037 
186025 -.0036 
187476 -.0035 
188967 -.0034 
190500 -.0034 
192075 -.0033 
193694 -.0032 I 
I 
195358 -.0032 
197070 -.0031 
198831 -.0030 
200642 -.0030 
202506 -.0029 
I . 
' I 
THETA 1 
(DEG) 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
THETA 6 
(DEG) 
72.22 
72.32 
72.43 
72.55 
72.67 
72.80 
72.93 
73.07 
73.22 
73.37 
73.52 
73.68 
73.85 
74.02 
74.19 
74.37 
74.56 
74.75 
74.95 
75.15 
75.35 
75.56 
75.78 
75.99 
76.22 
76.44 
76.68 
76.91 
77.15 
77.40 
77.64 
77.89 
78.15 
78.41 
78.67 
78.94 
79.21 
79.48 
79.75 
80.03 
80.32 
RS CRIMP 
(IN) DIA 
(IN) 
0.9616 .3840 
0.9560 .3728 
0.9504 .3617 
0.9450 .3507 
0.9395 .3399 
0.9342 .3292 
0.9289 .3187 
0.9237 .3083 
0.9186 .2980 
0.9135 .2879 
0.9085 .2779 
0.9036 .2681 
0.8988 .2584 
0.8940 .2488 
0.8893 .2394 
0.8847 .2302 
0.8802 .2211 
0.8757 .2122 
0.8713 .2034 
0.8670 .1948 
0.8628 .1863 
0.8586 .1780 
0.8545 .1698 
0.8505 .1618 
0.8466 .1540 
0.8427 .1463 
0.8390 .1387 
0.8353 .1314 
0.8317 .1241 
0.8281 .1171 
0.8247 .1102 
0.8213 .1034 
0.8180 .0968 
0.8148 .0904 
0.8117 .0841 
0.8086 .0780 
0.8056 .0720 
0.8027 .0662 
0.7999 .0606 
0.7971 .0551 
0.7945 .0497 
CRIMP 
FORCE 
(LBF) 
258 
260 
263 
266 
268 
271 
274 
277 
280 
283 
287 
290 
294 
297 
301 
305 
309 
313 
318 
322 
327 
332 
336 
341 
347 
352 
358 
363 
369 
376 
382 
388 
395 
402 
409 
417 
425 
433 
441 
450 
458 
TABLE 5: ANALYSIS OF DATA SET 2 
I 
• 
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CONTACT. FS ., 
STRESS ( IN/DEG) 
(PSI) 
133162 -.0056 
133683 -.0056 
134215 -.0055 
134757 -.0054 
135311 -.0054 
135876 -.0053 
136454 -.0052 
137043 -.0052 
137645 -.0051 
138260 -.0050 
138888 -.0050 
139530 -.0049 
140186 -.0048 
140857 -.0047 
141543 -.0047 
142244 -.0046 
142962 -.0045 
143696 -.0044 
144448 -.0044 
145217 -.0043 
146006 -.0042 
146813 -.0041 
147640 -.0040 
148488 -.0040 
149357 -.0039 
150248 -.0038 
151162 -.0037 
152100 -.0037 
153063 -.0036 
154052 -.0035 
155067 -.0034 
156110 -.0033 
157183 -.0033 
158285 -.0032 
159418 -.0031 
160585 -.0030 
' 
161785 -.0029 I 
163020 -.0029 
164293 -.0028 
165604 -.0027 
166955 -.0026 
THETA 1 
(DEG) 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
' 
THETA 6 
(DEG) 
66.35 
66.49 
66.64 
66.79 
66.95 
67.12 
67.29 
67.47 
67.66 
67.85 
68.06 
68.26 
68.48 
68.70 
68.93 
69.16 
69.41 
69.65 
69.91 
70.16 
70.43 
70.70 
70.98 
71.26 
71.55 
71.84 
72.14 
72.44 
72.75 
73.06 
73.38 
73.70 
74.03 
74.36 
74.70 
75.04 
75.38 
75.73 
76.08 
76.44 
76.80 
RS 
(IN) 
0.7680 
0.7622 
0.7564 
0.7508 
0.7452 
0.7397 
0.7343 
0.7290 
0.7238 
0.7186 
0.7135 
0.7086 
0.7037 
0.6989 
0.6942 
0.6895 
0.6850 
0.6806 
0.6762 
0.6719 
0.6677 
0.6636 
0.6596 
0.6557 
0.6519 
0.6481 
0.6444 
0.6409 
0.6374 
0.6340 
0.6306 
0.6274 
0.6242 
0.6211 
0.6182 
0__., 615 2 
0.6124 
0.6097 
0.6070 
0.6044 
: 
0.6019 
CRIMP 
DIA 
(IN) 
.3840 
.3723 
.3609 
.3495 
.3384 
.3274 
.3166 
.3059 
.2955 
.2852 
.2750 
.2651 
.2553 
.2457 
.2363 
.2271 
.2180 
.2091 
.2004 
.1918 
.1834 
.1752 
.1672 
.1594 
.1517 
.1442 
.1368 
.1297 
.1227 
.1159 
.1092 
.1027 
.0964 
.0902 
.0843 
.0784 
.0728 
.0673 
.0620 
.0568 
.0518 
CRIMP 
FORCE 
( LBF) 
258 
261 
264 
268 
271 
275 
279 
282 
286 
291 
295 
299 
304 
309 
314 
319 
324 
329 
335 
340 
346 
352 
359 
365 
372 
379 
386 
393 
401 
409 
417 
425 
434 
443 
452 
462 
472 
482 
493 
504 
516 
TABLE 6: ANALYSIS OF DATA SET 3 
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C 
CONTACT 
STRESS 
(PSI) 
147799 
148331 
148867 
149407 
149952 
150503 
151061 
151625 
152198 
152779 
153370 
153972 
154585 
155210 
155848 
156501 
157168 
157852 
158552 
159270 
160008 
160765 
161544 
162345 
163170 
164019 
164893 
165795 
166726 
167685 
168676 
169700 
170757 
171850 
172980 
174149 
175359 
176612 
177909 
179253 
180646 
FS 
(IN/DEG) 
-.0059 
-.0058 
-.0057 
-.0056 
-.0055 
-.0054 
-.0054 
-.0053 
-.0052 
-.0051 
-.0050 
-.0049 
-.0048 
-.0048 
-.0047 
-.0046 
-.0045 
-.0044 
-.0043 
-.0042 
-.0041 
-.0041 
-.0040 
-.0039 
-.0038 
-.0037 
-.0036 
-.0035 
-.0035 
-.0034 
-.0033 
-.0032 
-.0031 
-.0030 
-.0030 
-.0029 I 
I 
-.0028 
-.0027 
-.0026 
-.0025 
-.0025 
. . .. 
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